Validation of oil spill forecasting systems suffers from a lack of data due to the scarcity of oil slick in-situ and satellite observations. Drifters (surface drifting buoys) are often considered as proxy for oil spill to overcome this problem. However, they can have different designs and consequently behave in a different way at sea, making it not straightforward to use them for oil spill model validation purposes and to account for surface currents, waves and wind when modelling them. Stemming from the need to validate the MEDESS4MS (Mediterranean Decision Support System for Marine Safety) multi-model oil spill prediction system, which allows access to several ocean, wave and meteorological operational model forecasts, an exercise at sea was carried out to collect a consistent dataset of oil slick satellite observations, in-situ data and trajectories of different type of drifters. The exercise, called MEDESS4MS Serious Game 1 (SG1), took place in the Elba Island region (Western Mediterranean Sea) during May 2014. Satellite images covering the MEDESS4MS SG1 exercise area were acquired every day and, in the case an oil spill was observed from satellite, vessels of the Italian Coast Guard (ITCG) were sent in-situ to confirm the presence of the pollution. During the exercise one oil slick was found in-situ and drifters, with different water-following characteristics, were effectively deployed into the oil slick and then monitored in the following days. Although it was not possible to compare the oil slick and drifter trajectories due to a lack of satellite observations of the same oil slick in the following days, the oil slick observations in-situ and drifters trajectories were used to evaluate the quality of MEDESS4MS multi-model currents, waves and winds by using the MEDSLIK-II oil spill model. The response of the drifters to surface ocean currents, different Stokes drift parameterizations and wind drag has been examined. We found that the surface ocean currents mainly drive the transport of completely submerged drifters. The accuracy of the simulations increases with higher resolution currents and with addition of the Stokes drift, which is better estimated when provided by wave models. The wind drag improves the modelling of drifter trajectories only in the case of partially emerged drifters, otherwise it leads to an incorrect reproduction of the drifters' direction, which is particularly evident in high speed wind conditions.
Introduction
'ready to go' were located at the harbourmaster in Portoferraio and were equipped with drifters, 40 with different water-following characteristics, to be deployed into the oil slicks.
41
During the 10 days exercise two oil slick alerts were received from the satellite systems 42 monitoring the area (on 17 May 2014 and on 21 May 2014). One oil slick was found in-situ 43 and drifters were effectively deployed into the oil and then monitored during the following days.
44
Unfortunately, we did not succeed in the collection of a time series of observations of the same oil 45 slick by satellite over the same time, which would have been helpful for the comparison between 46 oil slick and drifter behavior. Using the drifter data collected, the main objectives of this paper 47 are: (i) evaluation of the quality of MEDESS4MS multi-model currents, waves and winds; (ii) 48 comprehension of the differences between different drifter behavior at sea and assessment of the 49 capabilities to simulate them.
50
The paper is organized as follows: Section 2 describes the data collected for oil spill forecast-51 ing validation (remote sensing data, in-situ data and drifters); Section 3 presents the modelling 52 methodology used and the description of the experiments performed; Section 4 reports the vali-53 dation results, and Section 5 summarizes our conclusions. The MEDESS4MS SG1 aimed to detect oil slicks by satellite using SAR images covering the 57 exercise area available through CleanSeaNet2 (CSN-2) and COSMOSKYMED (CSK) services 58 for the entire exercise period. The acquisition of two satellite images every day from CSN-2 or 59 from CSK were planned. The CSK system allows a more frequent revisit time of the same area
60
(12 hours, depending on the size of the area). However, the planned images were not available 61 every day.
62
During the exercise period, two oil slick alerts were received from the satellite monitoring 
67
The oil spill was reported as being composed of 7 oil slick patches, the centre positions of those 68 are reported in Table 1 . The ITCG vessel was sent to confirm the oil spill in-situ, which was 69 found at 07:08 UTC by visual detection (i.e. iridescence). The oil was sampled in 4 different 70 positions reported in Table 2 .
71
The second slick alert was received on the morning of the 21st of May 2014 at 05:07 UTC, 72 when two oil slicks were detected by the CSK satellite system, west of Elba Island (see Figure 1 ).
73
The ITCG vessel went immediately to search in-situ. However, by visual inspection of the area, 74 it was not possible to identify any oil slick. In addition, an ITCG plane ATR 42 equipped with 75 a side-looking airbone radar (SLAR) surveyed the area, and it confirmed that it was not possible 76 to detect any oil slick. 
Drifters

78
Drifters were released into the observed oil slick on the 17th May 2014. In particular, in 79 order to be able to distinguish between the uppermost meter of the water column and the purely 80 superficial flow, some drifters with different water-following characteristics (CODE, iSLDMB, 81 iSPHERE, MAR-GE/T) were released inside the oil slick.
82
CODE surface drifters (Davis, 1985) are made of a 1 m long vertical tube with four wings 83 extending radially from the tube over its entire length. When in water they are completely sub- drifters is based on the CODE/Davis style oceanographic surface drifters, but they are made of 87 a 60 cm vertical tube. The CODE drifter is designed to minimize the effect of the wind on the 88 emerged part of the instrument (Poulain, 1999) . iSPHERE (Iridium SPHERE) surface drifters 89 are 39.5 cm diameter spheres (Price et al., 2006) , where in water the iSPHERE drifter is half 90 submerged. MAR-GE/T drifters have a cylindrical shape, with a diameter of 13.4 cm and height
91
of 28 cm, when in water the drifter is submerged for 1/3 of its height.
92
The deployment of the different types of drifters was aimed at revealing the proportions in 93 which the drifters follow the wind, currents and waves. The deployment time and positions are 94 listed in Table 3 . The 2 iSPHERE drifters and the 2 CODE drifters were recovered after 1 day at 95 sea, while the iSLDMB and MAR-GE/T were recovered after 7 days at sea. From Fig. 3 -a it is 96 possible to observe that CODE and iSLDMB followed a similar trajectory, while they moved in a 97 different direction and slower than the iSPHERE and MAR-GE/T drifters. It is worth noting that 98 2 CODE drifters were moving together, the same can be observed for the 2 iSPHERE drifters.
99
This allow us to be more confident in saying that the different behavior is due to the different 100 drifter shapes, rather than to sub-mesoscale ocean processes. From Fig. 3 
where U C is the wind, buoyancy and pressure driven large scale current velocity field, U W is the wind-driven sea surface currents velocity correction term, U S is the wave-induced current term (Stokes drift velocity), U D is the wind drag velocity due to emergent part of the objects at the 176 surface and dx k (t) is the displacement due to the turbulent diffusion.
177
The term U C represents the surface currents that can be provided by an oceanographic model.
178
However, in numerical circulation models the surface velocity represents the mean velocity in the 179 surface layer that can vary from few centimeters to few meters depending on the vertical model 180 discretization. Thus, surface currents from an oceanographic model do not actually represent the 181 currents at 0 m, but are just the currents at the first level of the model.
182
Several approaches exist to account for the term U S ; the Stokes drift can be approximated 183 using only wind speed and direction, and it can be written as:
where (W x , W y ) are the wind velocity components at 10 m, ϑ = arctg
is the wind direc-
185
tion and D S is the Stokes drift velocity intensity in the direction of the wave propagation, at the 186 surface and for deep-water waves, is defined as:
where ω is angular frequency, k is wave-number, and S (ω) is wave spectrum. The wave (for deep-water). Thus, the Stokes drift velocity components are:
where φ is the wave mean direction provided by wave models. The Stokes drift calculated wave models available in the MEDESS4MS system.
210
The local wind correction term U W is written as:
where W x and W y are the wind zonal and meridional components at 10 m respectively and 212 α is the percentage of the wind to be considered in the oil slick transport and β is the angle of 213 deviation with respect to the currents direction. When U C is provided by oceanographic models 214 that resolve the upper ocean layer dynamics (with fine vertical resolution and using turbulence 215 closure sub-models), the term U C contains a satisfactory representation of surface ageostrophic 216 currents and the U W term may be neglected (in this work U W has been always set equal to 0).
217
The wind drag velocity, U D , is associated with the leeway (windage) of a floating object,
218
defined as the drift associated with the wind force on the overwater structure of the object. 
where W is the wind velocity at 10 m, ρ, A, C d are the fluid density, projected areas of the 222 object and drag coefficient, respectively, and subscripts a and w denote the air and seawater 
234
The last term of Eq. 1 is due to turbulent diffusion and it is parameterized with a random 235 walk scheme as
where K is the turbulent diffusion diagonal tensor and Z is a vector of independent random 237 numbers used to model the Brownian random walk processes chosen for the parametrization of 238 turbulent diffusion. The turbulent diffusion is considered to be horizontally isotropic and the 
267
These parameters were chosen, because the oil slick was not observed by satellite the day after,
268
and thus it is realistic to assume that the oil evaporated due to low density (light oil) or/and that 269 the oil slick thickness was too thin to be visible from the satellite. The total amount of oil is then 270 63 m 3 .
271
The meteorological, ocean and wave models available for the SG1 exercise area are listed in 
293
The first set of simulations, listed in Tab. 5, focuses on the evaluation of the surface ocean 294 currents that can be provided by ocean models with different horizontal resolution. In this set of 295 simulations wave and wind advection are not considered.
296
The second set of simulations, listed in Tab. 6, focuses on the evaluation of the magnitude 
where l oi is the length of the observed trajectory at the corresponding time, t i , after the de- with respect to the other models ( Fig. 6a-b) . The POSEIDON 10 km currents (SIM5) are in the 345 opposite direction with respect to the rest of the models (Fig. 6c-d ).
346
The Stokes drift predicted by CYCOFOS WAM4 (SIM1) is directed south in the oil slick area
347
( Fig. 4a-b) . Instead, all the other wave models predict the Stokes drift to the north and north-east 348 direction, but the MFS WW3 Stokes drift is smaller (Fig. 6a-b ) compared to the other models.
349
The wind has not been used to advect the oil slick, but only for the transformation processes.
350
Nevertheless, it is interesting to observe that the direction of the local wind does not always ( Fig. 6a-b) , but the latter are not in the higher concentration core of the oil slick. The same is 359 observed in Fig. 4a-b core of the oil slick ( Fig. 5b-d shows that higher resolution not always means higher accuracy. reaches a maximum of 7-8 km.
394
The same considerations can be used in analyzing the iSLDMB and MAR-GE/T simulated 395 trajectories (Fig. 7-c and Fig. 7-d ) and the corresponding separation distance and skill score 396 (Fig. 9) . The iSLDMB, as expected, shows the same behavior of the CODE drifters, as both are 
432
In Fig. 12 it is interesting to observe what happens when the wind continues to increase. Af-
433
ter 30 hours from the drifters' deployment high wind speeds are experienced (see Fig. 13 ) and in 434 the case of the iSLDMB drifters the separation distance is higher by using JONSWAP than with 435 Stokes drift from wave model data. The separation distance decreases with higher resolution it seems that SIM3S perform better than the other wave models. performs better.
468
We tested the addition to the currents and Stokes drift of 1% (γ = 0.01) and 3% (γ = 0.03)
469
of the wind velocity in the direction of the wind. As shown in Fig. 14 , when the wind drag 470 velocity is added to the currents and waves, the simulated drifters transport direction is deviated 471 in the direction of the wind. During the first 15 hours of simulation, this effect is not evident 472 due to the low wind velocity (see Fig. 13 ). However, as it can be observed in Fig. 15 , during 473 the last hours of the simulation the addition of the wind drag velocity leads to an increase of 474 the separation distance in the case of the CODE drifters, which is more evident when using a 475 3% leeway factor. On the other hand, the iSPHERE drifters present a decrease of the separation 476 distance when adding the wind drag velocity and with 3% leeway factor the separation distance 477 is lower than with 1%. As described in Sect. 3.1, in the particular case of the over-water structure 478 and the submerged part of the object being the same, as in the case of the iSPHERE drifter, the 479 parameter γ can indeed be equal to 0.035.
480
The wind drag effect can be better evaluated on the 48 hours drifter simulations. As can be 481 observed in Fig. 14-d , the addition of the wind deviates the MAR-GE/T simulated drifters in 482 the direction of the real drifter path, which is very evident with a 3% leeway factor, while this leading to a general worsening of the performances toward the end of the simulation period. of the multi-model ensemble has to be developed. The final aim has to be a tool that will be 529 able to compile all the collected results from the different models and produce a synthetic output
530
(such as the probability density charts), that could be used by the end-users.
531
Drifters are the most common instruments used for validation of oil spill and/or trajectory 532 models; this study highlighted that we must carefully consider which kind of drifters we are using column and due to missing physics describing the mixed turbulent layer at the air/sea interface.
554
On the other hand the addition of a wind drag velocity with 1% or 3% leeway factor in high wind 555 speed conditions leads to a lower skill in the case of submerged drifters (CODE or iSLDMB),
556
while MAR/GE-T and iSPHERE generally are better reproduced with a higher leeway factor.
557
Indeed, we found that the addition of the wind drag velocity leads to a deviation of the simulated 558 drifters in the direction of the wind that has been found to affect only the partially emerged 559 drifters, while the wind drag effect does not affect the fully submerged drifters. This is more 560 evident in high wind speed conditions.
561
In the future it might be interesting to further explore the wave-induced transport term. First, 
568
In the future, further experiments are still needed to assess which drifter behaves most sim-
569
ilarly to an oil slick and under which ocean currents and wind conditions. However, oil slicks 570 do not resemble objects with an overwater structure, that feel that wind drag effect and, thus, we 571 may believe oil slicks would behave more like submerged drifters. On the other hand, an oil slick 572 at the air/sea interface is driven by the currents in the top millimeters of the water column, which 573 are certainly linked with wind and wave-induced turbulence, which are still poorly understood 574 and further fundamental research is needed to achieve a full comprehension of the processes 575 acting at the air/sea interface. 
